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Sequential extractionIn situ field investigations coupled with laboratory incubations were employed to explore the surface
sedimentary phosphorus (P) cycle in a mariculture area adjacent to the Yangma Island suffering from summer
hypoxia in the North Yellow Sea. Five forms of P were fractionated, namely exchangeable P (Ex-P), iron-bound
P (Fe\\P), authigenic apatite (Ca\\P), detrital P (De-P) and organic P (OP). Total P (TP) varied from 13.42 to
23.88 μmol g−1 with the main form of inorganic P (IP). The benthic phosphate (DIP) fluxes were calculated
based on incubation experiments. The results show that the sediment was an important source of P in summer
with ~39% of the bioavailable P (Bio\\P) recycled back into the water column. However, the sediment acted a
sink of P in autumn. The benthic DIP fluxes were mainly controlled by the remobilizing of Fe\\P, Ex-P and OP
under contrasting redox conditions. In August (hypoxia season), ~0.92 μmol g−1 of Fe\\P and ~0.52 μmol g−1
of OP could be transformed to DIP and released into water, while ~0.36 μmol g−1 of DIP was adsorbed to clay
minerals. In November (non-hypoxia season), however, ~0.54 μmol g−1 of OP was converted into DIP, while
~0.55 μmol g−1 and ~0.28 μmol g−1 of DIP was adsorbed to clay minerals and bind to iron oxides. Furthermore,
scallop farming activities also affected the P mobilization through biological deposition and reduced
hydrodynamic conditions. The burial fluxes of P varied from 11.67 to 20.78 μmol cm−2 yr−1 and its burialtal Zone Environmental Processes and Ecological Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of
B. Yang, X. Gao, J. Zhao et al. Science of the Total Environment 759 (2021) 143486efficiency was 84.7–100%, which was consistent with that in most of the marginal seas worldwide. This study
reveals that hypoxia and scallop farming activities can significantly promote sedimentary P mobility, thereby
causing high benthic DIP flux in coastal waters.
© 2020 Elsevier B.V. All rights reserved.1. Introduction
Phosphorus (P), an indispensable nutrient in aquatic environment,
plays a significant role in regulating biological community structure
and biogeochemical cycle of biogenic elements (Kang et al., 2017; Liu
et al., 2016, 2019). For example, excess loading of active P into waters
can adversely affect the aquatic system, e.g. water eutrophication,
harmful algal blooms and hypoxia (Adhikari et al., 2015; Lin et al.,
2016; Rucinski et al., 2016).
The P in water is mainly originated from external input, e.g. atmo-
spheric deposition, river input and groundwater discharge, and sedi-
ment release (Yang et al., 2017). In coastal waters significantly
affected by human activities, e.g. aquaculture activities, sediment has a
more important influence on P cycle due to high biodeposition rate,
which may act both as a source and a sink of P in water (Zhang et al.,
2013a; Pan et al., 2020).
Generally, the remobilizing of P at the sediment-water interface is
mainly controlled by the geochemical characteristics of different sedi-
mentary P forms (Mort et al., 2010; Liu et al., 2020). Exchangeable P
(Ex-P), iron-bound P (Fe\\P), authigenic apatite P (Ca\\P), detrital P
(De-P) and organic P (OP) are widely recognized as the main forms of
sedimentary P (Ruttenberg, 1992). Different P fractions have different
geochemical behaviors, and only certain forms of P, i.e. Ex-P, Fe\\P
and OP, can be transformed into bioavailable ones and released into
the water column under various physico-chemical processes, e.g. disso-
lution, desorption and reduction (Song, 2010).
Many environmental factors, such as grain-size of sediment, redox
characteristics, temperature and pH, can all affect the geochemical pro-
cess (e.g. preservation, transformation and recycling) of sedimentary P
(Liu et al., 2016, 2020; Pan et al., 2020). It is widely believed that dis-
solved oxygen (DO) is one of the most important parameters control-
ling the P cycle in aquatic ecosystems, which is mainly driven by the
Fe\\P migration in sediments (Liu et al., 2020). Generally, oxygen-rich
sediments are favorable for the formation of Fe\\P. In contrast, large
amounts of P can be released back into thewater due to reductive disso-
lution of Fe/Mn oxides under hypoxic conditions. Moreover, hypoxic
environments can facilitate the anaerobic decomposition of organic
matter (OM) to a certain extent, thereby accelerating the P cycle
(Picard et al., 2019).
Mariculture activities, especially shellfish farming, can also affect the
P cycle in coastal waters (Liu et al., 2016a). This occurs because shellfish
usually feed on phytoplankton and then repackage them into rapidly
settling biodeposits, i.e. faeces and pseudofaeces, which accelerates
the accumulation of OP in the sediment. Furthermore, the increased
sediment organic matter (SOM) can promote the DO consumption,
thereby creating a hypoxic environment, which accelerates the turn-
over and redistribution of P in the ecosystem (Zhao et al., 2019).
The coastal waters around the Yangma Island, as an important scal-
lop farming zone, are located in the North Yellow Sea (NYS) next to the
north coastline of the Shandong Peninsula. Scallop farming activities
have been found significantly increasing the content of OM in this
area (Zhang et al., 2018; Yang and Gao, 2019). In summer, the combina-
tion of high OM productivity, high temperature and lowwind speed in-
duces the rapid depletion of DO and subsequent hypoxia, which have
greatly affected the biogeochemical cycle of biogenic elements (Yang
et al., 2018; Yang and Gao, 2019). However, sedimentary P cycling pro-
cesses and its release mechanisms in this area remains unknown. Thus,
this study investigated the biogeochemical cycling process of P in sedi-
ments of coastal waters around the Yangma Island via a series of in situ2
field investigations coupled with laboratory incubations with the fol-
lowing objectives: (1) to identify the seasonal variations of sedimentary
P species and their influencing factors, and (2) to clarify the sedimen-
tary P burial and release mechanisms.
2. Materials and methods
2.1. Study area
The surveyed area is approximately 660 km2 with a mean depth of
15 m (Fig. 1). Several small rivers, notably the Xin'an River, Qinshui
River, Yuniao River and Yangting River run into the coastal waters.
The area is dominated by semi-diurnal tides, and climate is mainly con-
trolled by the East AsianMonsoon (Chen, 2009).Moreover, the environ-
mental conditions in the area are significantly affected by scallop
farming activities. For example, P concentration in the research area
has been found significantly higher than that inmost of the other coastal
waters in China (Yang et al., 2020a). Generally, hypoxia in the bottom
water starts to develop in early summer, and reaches the strongest
sate in August, but gradually disappears in autumn (Yang and Gao,
2019).
2.2. Sampling and analysis
Two field surveys were conducted at 24 stations in August (sum-
mer) and November (autumn) 2017 (Fig. 1). A stainless steel box sam-
pler was used for the sediment sampling, and the top 0–2 cm sediment
of each site was collected from the center part of the sampler, gathered
in de-aired bags and then frozen at−20 °C. The bottomwater collection
information and analytical methods, including salinity, temperature,
chlorophyll a (Chl a), DO, dissolved inorganic phosphorus (DIP) and ni-
trogen (DIN) can be seen in Yang et al. (2020a). Briefly, water salinity,
temperature, Chl a and DOwere determined using a CTD and a YSI sen-
sors with the limits of ±0.01 for salinity, ±0.05 °C for temperature, ±
0.01 μg l−1 for Chl a and ± 0.1 μmol l−1 for DO. DIP and DIN, including
ammonium (NH4+), nitrite (NO2−) and nitrate (NO3−) were measured
using a SEAL Analytical autoanalyzer. In detail, DIP was measured by
ammonium molybdate spectrophotometry; NH4+ was measured by
spectrophotometric method with salicylic acid; NO2− was determined
by the azo-dye method; NO3− wasmeasured by the cadmium reduction
method followed by the azo-dye method; DIN was calculated by the
sum of NH4+, NO2− and NO3−. The detection limit was 0.02 μmol l−1 for
NO3− and NO2−, and 0.03 μmol l−1 for NH4+, and 0.01 μmol l−1 for DIP.
A fragment of each well mixed sediment sample was centrifuged to
extract porewater for DIN andDIP analysis. After that, a part of the sam-
ple was used for grain-size analysis, and the remaining part was freeze-
dried, homogenized, ground and then sieved through a 200 mesh
screen for the subsequent analysis of organic carbon (OC), calcium
carbonate (CaCO3) and sedimentary P. The sediment grain size
determination was performed with a Mastersizer 2000 laser particle
size analyzer, and the results were classified as <4, 4–63 and > 63 μm
for clay, silt and sand (Yang et al., 2018). The OC contents were analyzed
with an Elementar varioMACRO cube CHNS analyzer with the precision
of ±0.02% C by dry weight (n = 5). The CaCO3 content was measured
through carbon dioxide gas quality method according to Programme
and Rantala (1992). Briefly, approximately 5 g of the sediment was
placed in a pre-weighed flask with stopper and treated with 4 mol l−1
HCl. The loss of weight due to the evolved CO2 was determined, and
then the CaCO3 content was calculated.
Fig. 1. Sampling sites in the coastal waters around the Yangma Island. The LNCC, LBCC and YSWC represent the Liaonan Coastal Current, Lubei Coastal Current and Yellow Sea Warm
Current, respectively.
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SEDEX procedure described in Ruttenberg (1992), i.e. Ex-P, Fe\\P,
Ca\\P, De-P and OP. Briefly, Ex-P was obtained by extraction
using 1 mol l−1 MgCl2; Fe\\P was obtained using citrate-
bicarbonate-dithionite (0.22 mol l−1 sodium citrate, 0.14 mol l−1
sodium dithionite, 1.0 mol l−1 sodium bicarbonate); Ca\\P was ob-
tained by extraction with acetate buffer; De-P was obtained using
1 mol l−1 HCl. Finally, OP was calculated as the difference between
extractable P with 1 mol l−1 HCl before and after 2 h ignition at
550 °C of the sediment samples. Inorganic P (IP) and total P (TP)
were calculated as the sum of the former four forms and all forms
of P. The content of P was measured with a PerkinElmer Optima
7000 DV ICP-OES. The detection limit for P was 0.0003–-
0.003 μmol g−1. Two marine sediment standard reference mate-
rials of China, i.e. GBW-07314 and GBW-07333, were used for
quality control of the experimental process. The measured TP con-
tents for materials of GBW-07314 and GBW-07333 were 20.7 ± 0.7
and 16.2 ± 0.4 μmol g−1, which were well consistent with the stan-
dard values of these two sediments (20.8 ± 2.0 and 17.1 ±
1.1 μmol g−1 for GBW-07314 and GBW-07333).2.3. Incubation experiment
For the study of potential P-release fluxes at the sediment-water in-
terface in August and November, the sediment samples at stations Y-2,
Y-4, Y-6, H-2,H-4 andH-6were incubated in lab for 3 dayswith artificial
seawater under simulated field conditions (Table S1 in Supplementary
Information). According to the field conditions in the overlying water,
the artificial seawater was prepared by adding appropriate amounts of
NaCl, NaNO2, KNO3, (NH4)2SO4, NaHCO3, KH2PO4 and Na2SiO4, and
then its pH was regulated using 0.1 mol l−1 HCl or NaOH solution. The
DO content in the water was regulated by pumping different ratios of
air and nitrogen into the incubation bottles (Gao, 2019).
Approximately 200 g wet sediment samples were placed in
plexiglass culture bottles, and then filledwith 450ml artificial seawater.
Subsequently, the simulation experiments were performed under dark
condition in biochemistry incubators. Timing was started after the ex-
periments stabilized for 3 h, and 20 ml water sample was collected
from each culture bottle after 0, 4, 8, 12, 24, 36, 48, 60 h, respectively.
Then, the same volume of artificial seawater was added back to each
culture bottle after sampling. The P-release fluxes were estimated by
quantifying the changes in DIP over time. More details about the simu-
lation experiments and analysis methods of diffusive flux of DIP were
described by Gao (2019). Moreover, after 60 h, the sediment in culture
bottles was pretreated with the methods in Section 2.2 for the subse-
quent analysis of sedimentary P.3
2.4. Data processing
Contourmaps for the parameters of DO, sedimentary P fractions, OC,
CaCO3 and the clay, silt and sand fractions of sediments were generated
with the Ocean Data View 4. Data processing and statistical analysis
were performed with the SPSS 19.
3. Results
3.1. General characteristics of the bottom and pore waters
Overall, the bottom-water salinity was relatively stable, while the
temperature ranged widely from 11.5 to 25.9 °C. Spatially, the salinity
was lower in the inshore part than offshore part. The high values of tem-
peraturewere observed in the inshore part in August and eastern region
in November (Table S1 and Fig. S1).
As forbottom-waterDO, its valuesvaried from55.0 to240.1μmol l−1.
In August, the hypoxia spots, i.e. DO <93.0 μmol l−1, were formed,
which accounted for ~30% of the study area, whereas the DO concentra-
tion was >200 μmol l−1 in November. Notably, in August, the relatively
low DO concentrations appeared right in the scallop-farming area (SFA)
(Fig. S1e).
The concentrations of NO3−, NO2−, NH4+ and DIP in the bottom water
ranged broadly from 0.22 to 26.06, 0.10 to 0.41, 0.46 to 16.20, and 0.17
to 1.86 μmol l−1, respectively (Table S1). On the whole, the high values
of DIN and DIP were all observed in the inshore part, except for DIP in
November (Fig. S1).
For the porewater, the concentrations of NO3−, NO2−, NH4+ and DIP in
August ranged from 7.72 to 11.83, 1.62 to 3.62, 122.4 to 328.3, and 0.98
to 2.40 μmol l−1, respectively (Table S1). The concentrations of NO3− and
NO2− in November were equivalent to those in August. However, the
concentrations of NH4+ and DIP in November were significantly lower
than those in August, varying from 24.50 to 65.70, and 0.29 to
0.76 μmol l−1, respectively.
3.2. Surface sediment characteristics
The sediments were mainly composed of clayey silt and sandy silt
(Fig. S2); only the sediment in the Site S-1 near the Yangting River
mouth was composed of sand (Fig. S3). On average, the clay fraction
in August was about 49% higher than that in November, while the
sand fraction in August was about 32% lower than that in November
(Table S2). Spatially, the clay and silt percentages were lower in the in-
shore zone than offshore zone, which was opposite to the distributions
of sand in these two months (Fig. S3a–f). Besides, sediments in the SFA
were significantly finer (mean 35.4 ± 9.9% of clay) than those in the
non-scallop-farming area (NSFA) (mean 19.1± 12.1% of clay) in August
Fig. 2. Spatial variations in the contents of sedimentary OC (%) and P forms (μmol g−1) in August and November.
B. Yang, X. Gao, J. Zhao et al. Science of the Total Environment 759 (2021) 143486(Fig. S3a). The CaCO3 contents varied from 0.18 to 7.16 (Table S2), and
its contents in the SFA were significantly higher than those in the NSFA
(Fig. S3g and h).
The OC contents ranged from 0.08 to 0.64% with the mean values of
0.39 ± 0.10% in August and 0.37 ± 0.13% in November (Table S2). The
distribution patterns of OC were roughly similar in the two months, in-
creasing from the inshore regions to the offshore regions (Fig. 2a and b).
In addition, the average OC value in August was higher in the SFA
(0.45 ± 0.08%) than that in the NSFA with the average value of
0.35 ± 0.09%, while no significant difference of OC in SFA and NSFA
was found in November.
3.3. Total P and its fractions in the surface sediments
TP contents varied from 13.42 to 23.88 μmol g−1. As the main com-
ponent of TP, IP contents varied from12.12 to 21.19 μmol g−1 (Table S2).Fig. 3. PCA loadings for different sedimentary P forms and relevant env
4
The SEDEX results indicate that De-P was the most predominant P pool
with the average contents of 10.13 ± 1.47 and 8.24 ± 0.85 μmol g−1 in
August and November followed by Ca\\P (mean 3.76 ± 0.58 and
3.20 ± 0.41 μmol g−1), Fe\\P (mean 2.62 ± 0.51 and 2.63 ±
0.52 μmol g−1) and OP (mean 2.71 ± 0.41 and 2.15 ± 0.52 μmol g−1).
The contents of Ex-P were the lowest with the mean values of 1.10 ±
0.26 and 0.90 ± 0.27 μmol g−1 in August and November (Table S2).
For bioavailable P (Bio\\P, the sum of Ex-P, Fe\\P and OP), its values
ranged from 4.65 to 7.08 μmol g−1 in August and 3.43 to 7.18 μmol g−1
in November, which accounted for 28.0–37.4% and 25.4–38.3% of TP in
corresponding months, respectively.
Fig. 2c–p show the spatial variations of TP and its fractions. During
the investigation, the lowest contents of TP and P fractions were all ob-
served in the Site S-1 near the Yangting River mouth except for the
Ca\\P in November. In August, the high values of TP, IP, Fe\\P and













































































































































































































































































































































































































































































































































































































































































































































































































































































































B. Yang, X. Gao, J. Zhao et al. Science of the Total Environment 759 (2021) 143486contents of Ex-P and OP occurred near the Yangma Island, which was
similar to the distributions of OC and clay. In addition, the OP and Ex-
P in the SFA were significantly higher than those in the NSFA, which
was opposite to the distribution of Fe\\P (Fig. 2). In November, rela-
tively high contents of TP, IP, Ex-P and OPwere observed in thewestern
zone (Fig. 2d, f, h and l), whichwas opposite to the distribution of Ca\\P
(Fig. 2n). However, no significant spatial distribution pattern of the
other P fractions was observed (Fig. 2).
3.4. Benthic DIP flux
The benthic DIP fluxes were 2.17 ± 1.17 μmol cm−2 yr−1 (0.76 to
3.56 μmol cm−2 yr−1) in August and − 1.53 ± 0.47 μmol cm−2 yr−1
(−1.88 to−0.78 μmol cm−2 yr−1) inNovember (Fig. S5). The results in-
dicate that the sediment could release DIP in August, but absorb DIP in
November. Spatially, the highest fluxwas observed at station H-2 in Au-
gust, and the lowest value appeared at station Y-2 in November
(Fig. S5).
3.5. Correlation and principal component analysis
As shown in Table S3, in August, Fe\\P had a significant positive cor-
relation with DO concentration in the bottomwater (DOB) and silt frac-
tion of sediment with the Pearson's correlation coefficient (r) of 0.880
(P < 0.001) and 0.602 (P < 0.01), respectively, indicating that the silt
fraction of sediment and oxygen-rich condition in the bottom water
were beneficial for the Fe\\P accumulation; the clay and silt fractions
of sediment had significant positive correlations with OC, Ex-P and OP,
reflecting the importance of fine-grained sediment in the binding of
OMand P fractions. In November, all P fractions except Ca\\P had signif-
icant positive correlation with fine-grained fractions of sediment (clay
and silt), which was similar to that in August to some extent (Table S3).
Two principal components, i.e. PC1 and PC2, were distinguished,
which explained 69.8% in August and 79.3% in November of the total
variance, respectively. In August (Fig. 3a), PC1, which accounted for
45.0% of the total variance, had high positive loadings for DOB, silt frac-
tion of sediment, salinity and Fe\\P, reflecting the importance of DOB
and sediment type to Fe\\P. Negative loadings of PC1 were found for
Chl a, clay, OC, Ex-P andOP,which reflects the relationship betweenma-
rine OM and its related environmental factors. PC2 accounted for 24.8%
of the total variancewith high positive loadings for TP, IP, Ca\\P andDe-
P. In November (Fig. 3b), PC1 explained 59.8% of the total variance with
high positive loadings for OC, TP, IP, Fe\\P, Ex-P, OP, De-P and clay and
silt fractions of sediment but negative loading for sand fraction of sedi-
ment. PC2 accounted for 19.5% of the total variance with high positive
loadings for Ca\\P and negative loading for DOB, which indicates that
hypoxia may contribute to Ca\\P enrichment.
4. Discussion
4.1. Characteristics of P content in sediments
As shown in Table 1, the TP contents in this study, 20.32 ±
2.21 μmol g−1 in August and 17.12 ± 1.79 μmol g−1 in November,
were comparable to those observed in the Laizhou Bay, the East China
Sea and the Zhejiang offshore area, and higher than those observed in
the North Yellow Sea, the Daya Bay, the Zhangzi Island coastal waters
and the Haizhou Bay, but lower than those in the Admiralty Bay.
Based on the quality assessment standards of the Department of Envi-
ronment and Energy, Canada, if the content of sedimentary P exceeds
19.4 μmol g−1, it could lead to potential ecological risks (Mudroch and
Azcue, 1995; Barik et al., 2019). Accordingly, ~59% of the surveyed
sites were at potential ecological risks in August.
In addition, the results suggest that IP was the main form of TP,
which was consistent with other studies, such as Fang et al. (2007),
He et al. (2010), Zhuang et al. (2014) and Zhou et al. (2016). In terms5
B. Yang, X. Gao, J. Zhao et al. Science of the Total Environment 759 (2021) 143486of different forms of P, overall, their contents were comparable to those
observed in the East China Sea shelf and the Laizhou Bay, but higher
than those in the North Yellow Sea, the Daya Bay and the Zhangzi Island
coastal waters (Table 1).
4.2. Effect of hypoxia on P recycling and transformation
In August, the studied sites Y-2, Y-3, Y-4, H-1, H-2 and S-2 were cov-
ered by hypoxic water (Fig. S1e). In November, the bottom hypoxia dis-
appeared under the influence of low temperature and strong
hydrodynamic conditions (Yang et al., 2020a). Thus, the contrasting
DO conditions in the bottom water in August and November make the
study area an ideal region for the study of the effects of hypoxia on P bio-
geochemical cycle.
4.2.1. DIP in the bottom and pore waters
As shown in Table S1, the concentrations of DIP and NH4+ in the bot-
tom and pore waters in August increased significantly compared with
those in November. Spatially, the concentrations of DIP together with
NH4+ in the bottom and pore waters in the hypoxic zone were signifi-
cantly higher than those in the oxygen-rich region in August (Fig. S1
and Table S1). Thus, DIP in the bottom and porewaterswas significantly
positively correlated (P<0.05), and they both had negative correlations
with the bottom DO in August (Table S4). These results support the
claim that large amounts of DIP can be potentially released into water
via sediments under hypoxic conditions, which plays a key role in regu-
lating the concentrations of DIP in the water column (Liu et al., 2016,
2020).
4.2.2. Sedimentary P dynamics
In this study, TP content in August was significantly higher than that
in November (Table S2). Judging from the structural variations of sedi-
mentary P (Fig. S6), the percentages of OP and De-P in August were sig-
nificantly higher than those in November, which were contrary to the
changes of Fe\\P. Spatially, the Ex-P and OP contents in the hypoxic
zones in August were significantly higher than those in the oxygen-
rich regions, which were contrary to the distribution of Fe\\P (Fig. 2).
Therefore, these forms of P and bottomDO all showed significant corre-
lations (Table S3), indicating that the bottom DO was an important fac-
tor affecting these P dynamics.
It is widely known that some P can be easily released into the over-
lying water via the dissolution of Fe/Mn (oxy) hydroxides under hyp-
oxic environments (Kraal et al., 2012). Hence, the relatively low Fe\\P
content observed in August may be related to decreased Fe oxides due
to lowDO level (Figs. 2i and S1e), as further supported by the significantFig. 4. Relationships between the OC and OP and (
6
positive correlation between Fe\\P and bottom DO (P < 0.001) (Ta-
ble S3). In addition, low DO can promote the conversion of Fe\\P to
Ex-P in sediment (Zilius et al., 2015; Liu et al., 2020), thereby leading
to the increase in Ex-P content, as supported by the negative correlation
between Fe\\P and Ex-P (Table S3). Similar results were found in other
estuarine systems (Gu et al., 2019). However, no significant correlation
between Fe\\P and DO was observed in November, which may be
caused by strong winds and coastal hydrodynamic conditions, thereby
supplementing the DO of the overlying water (Fig. S1).
OP is generally an important source of P to themarine sediment sur-
face, especially under anoxic conditions due to the inhibition of OMaer-
obic degradation (Picard et al., 2019). During the investigation, the
highest OP content of 3.77 μmol g−1 was found in the organic-rich (av-
erage OC content of 0.64%), strongly hypoxic sediments at site Y-3 (av-
erage DO of 59.7 μmol l−1) in August (Fig. 2k). However, the
investigation area in November was in aerobic condition, which was
helpful for the degradation of OM, resulting in a decrease in OP content
in sediment (Table S2).
4.2.3. Decomposition and transformation of P in sediment
The OC/OP ratio of marine algae is ~106, and it is generally ascribed
to the influence of terrestrial surface input or preferential regeneration
of P relative to C if the OC/OP ratio in marine sediment is higher than
106 (Redfield, 1963; Meng et al., 2014). In this study, the OC/OP ratio
was 118 ± 23 in August (Table S2 and Fig. 4a), which was roughly con-
sistent with the marine phytoplankton source. However, the value of
OC/OPwas 139±38 inNovember (Table S2 and Fig. 4a), whichwas sig-
nificantly higher than that in August. Previous study has found that the
SOM were mainly derived from marine algae in the study area (Yang
et al., 2018). In August, hypoxia occurred in the bottom water; thus,
the decomposition of OM was inhibited to a certain extent and excess
OM from the primary producers could be preserved in the sediment
(Yang et al., 2018; Picard et al., 2019). This partly explains why the
OC/OP ratio was lower in August than that in November.
Generally, most of the reactive P at the sediment-water interface ex-
ists in the OM form. Before permanent burial, part of the OM is prone to
decomposition accompanied by the release of large amounts of DIP.
Thus, the higher DIP concentrations were found in the bottom water
than in the surface water in August and November (Fig. S1). In addition,
part of the regenerated DIP by OMmineralization could be absorbed to
clay minerals, bind to iron oxides, combine with CaCO3 or diffuse to the
sediment-water interface and escape into the water column (Cha et al.,
2005; März et al., 2014). As can be seen in Table S3, significant correla-
tions between OP and Ex-P were found in August (P < 0.001) and No-
vember (P < 0.01) (Table S3), indicating that part of the regenerated POP + Ex-P) contents in the surface sediments.
B. Yang, X. Gao, J. Zhao et al. Science of the Total Environment 759 (2021) 143486was adsorbed to clay minerals. That is to say, OC/(OP + Ex-P) could be
closer to the Redfield Ratio than that of OC/OP. Therefore, OC/(OP+ Ex-
P) could be a better indicator for explaining the behavior of sedimentary
P. In August and November, the OC/(OP + Ex-P) ratios, 83 ± 18 and
96 ± 28, respectively, were much lower than 106, indicating the pres-
ence of excess (OP + Ex-P) relative to OC.
In addition, based on the difference betweenmonthly average of Ex-
P and the linear intercept between OC and (OP + Ex-P), the Ex-P con-
tent produced by OP decomposition was estimated (Fig. 4b). In August
and November, the produced Ex-P contents were ~0.27 and
~0.23 μmol g−1, respectively, accounting for ~24.5% and ~25.5% of the
corresponding total Ex-P. Notably, the calculated Ex-P content had a
certain deviation from the real condition due to the transformation of
reactive P phases during burial processes.
4.2.4. Benthic P dynamics and their underlying mechanisms
Bio-P content can reflect the degree of pollution and the internal P
release ability of sediment (Zhou et al., 2016; Yang et al., 2019). During
the investigation, the Bio-P contents were 6.39 ± 0.75 μmol g−1 in Au-
gust and 5.65± 1.15 μmol g−1 in November accounting for 31.9± 3.3%
and 32.9 ± 4.0% of corresponding TP (Table S2), which were slightly
higher than those in the East China Sea shelf (Zhou et al., 2016), but
lower than those in the Admiralty Bay (Berbel and Braga, 2014).
The benthic DIP fluxes were 2.17 ± 1.17 and − 1.53 ±
0.47 μmol cm−2 yr−1 in August and November, respectively (Fig. S5).
The benthic DIP fluxes in August were higher than some coastal waters
listed in Table 2, e.g. the Rushan Bay, the Baltic Sea, the Jiaozhou Bay and
the Iberian Margin (NE Atlantic), but lower than those in the hypoxic
areas of the Yangtze River Estuary and the North-western coast of Baltic
Proper. It was reported that the accumulation rate of sediment in the
southern coastal area of the NYS close to the study area ranged from
0.56– 1.18 g cm−2 yr−1 with an average of 0.87 g cm−2 yr−1 (Qi et al.,
2004;Wangetal., 2013). Therefore, approximately 2.49±1.34 μmolg−1
of P could be recycled back into the water column in August, corre-
sponding to ~39% of Bio\\P. In contrast, approximately 1.76 ±
0.54 μmol g−1 of DIP might be buried in sediment, corresponding to
~31% of Bio-P in November.
In August, the benthic DIP flux was significantly correlated with OP
(P < 0.001); however, it had a negative correlation with Fe\\P
(P < 0.001) (Fig. S7), which was different from these reported in
Zhang et al. (2012), Adhikari et al. (2015) and Yang et al. (2020b).
This could be mainly controlled by DO conditions in environment. In
this study, the sediments with low Fe\\P contents were from the sam-
pling sites in the low DO areas (Figs. 2i and S1e), thus leading to a neg-
ative correlation between benthic DIP flux and Fe\\P. Besides, the
benthic DIP flux was significantly positively correlated with the Ex-PTable 2
Comparison of the benthic DIP flux (μmol cm−2 yr−1), P burial flux (μmol cm−2 yr−1) and bu
marginal seas reported in the literature. The positive and negative values represent the release
iment, respectively.
Location Time Benthic DIP flux
Yellow Sea 1998–1999 −0.086 ± 0.031
Bohai Sea 1998–1999 −1.1 ± 0.4
East China Sea middle shelf 0.558 ± 0.481
Yangtze River Estuary and adjacent coast 2003–2004 3.30 ± 2.82
East China Sea Oct. 2012 0.50 ± 0.52
Jiaozhou Bay 2001–2003 1.01
The coastal area of Rushan Bay May 1999 1.02 ± 0.63
Baltic Sea 2002, 2005 1.25 ± 0.56
Iberian Margin (NE Atlantic) May 1999 0.302 ± 0.329
South-eastern coast of India May 2004 0.163 ± 0.061
North-western coast of Baltic Proper Nov. 2008 4.92 ± 2.55
Great Barrier Reef Continental Shelf 0.067 ± 0.148
Coastal waters around the Yangma Island Aug. 2017 2.17 ± 1.17
Nov. 2017 −1.53 ± 0.47
n.d.: no data.
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(P < 0.001) and Ca\\P (P < 0.05) in August (Fig. S7), indicating that
the increasing DIP of pore waters promoted the formation of Ex-P and
Ca\\P. Indoor incubation experiment further supported the above con-
clusion, that is, the content of Fe\\P and OP decreased by 38.7% and
18.3%, respectively, after the experiment; however, the Ex-P content in-
creased by 28.6% compared with that before the experiment.
In November, the investigation area was in oxygen-rich conditions.
Therefore, most of regenerated DIP by OM mineralization was scav-
enged by ferric iron oxides and/or adsorbed to clay minerals in surface
sediments (Mort et al., 2010). This could be the main reason for no sig-
nificant correlations between benthic DIP flux and sedimentary P forms
in November (Fig. S8). Furthermore, the incubation experiment results
show that the OP content lost 23.7% comparedwith the value before ex-
periment, while the Ex-P and Fe\\P contents increased by 62.3% and
10.7%, respectively.
Overall, it can be concluded that OP and Fe\\P could be the main
fractions of internal P-release in the hypoxia season. Incubation experi-
ment results indicate, in August, ~0.92 μmol g−1 of Fe\\P and
~0.52 μmol g−1 of OP could be transformed to DIP and released into
water, which was consistent with the results reported in the Rushan
Bay (Liu et al., 2016a) and the coastal area of the Changjiang Estuary
(Liu et al., 2020). However, ~0.36 μmol g−1 of DIP was adsorbed to
clay minerals in August. Different from the former, in November,
~0.54 μmol g−1 of OP was converted into DIP, while ~0.55 and
~0.28 μmol g−1 of DIP was adsorbed to clay minerals and bind to iron
oxides.
4.3. Effects of scallop farming on sedimentary P cycle
In August, the hydrodynamic conditions were relatively weak,
which accelerated the deposition of particulate OM, especially in the
SFA. This partly explains why the sedimentary TP content in August
was significantly higher than that in November (Table. S2). Spatially,
the OP and Ex-P contents in the SFA were significantly higher than
those in the NSFA in August (Fig. 2). Generally, scallop farming can in-
crease fineparticles and biological debris in sediments, thereby promot-
ing the deposition of OP and increasing in the Ex-P adsorption and
regeneration (Zhang et al., 2013a, 2013b), as supported by the signifi-
cant positive correlations between Ex-P and clay, and OP and clay in Au-
gust (P < 0.001) (Table S3).
On the contrary, the Fe\\P content in the SFAwas significantly lower
than that in the NSFA. In fact, the Fe\\P was mainly controlled by the
redox conditions. Scallop farming activities also played an important
role in this process (Kraal et al., 2012). This is because scallop farming
can promote the formation of hypoxia in the bottom water (Yang
et al., 2020a). As shown in Fig. S1, the bottom DO concentration in therial efficiency (%) of P of surface sediments in the present study with these in some other
of P from sediment to overlying water and the transfer of P from overlying water to sed-
P burial flux P burial efficiency Reference
2.60 ± 1.79 ca. 100 Liu et al. (2004)
9.04 ± 10.0 ca. 100 Liu et al. (2004)
6.78 ± 5.84 92.4 ± 1.2 Fang et al. (2007)
21.7 ± 23.2 84.3 ± 3. Hou et al. (2009)
14.25 ± 5.97 97 ± 2 Yang et al. (2017)
n.d. 91 Qi et al. (2011)
29.96 82.6 Liu et al., 2016a
n.d. n.d. Viktorsson et al. (2012)
14.79 ± 11.61 94 ± 7 van der Zee et al. (2002)
6.38 ± 0.93 99.83 ± 0.21 Prasad and Ramanathan (2010)
6.77 ± 1.69 60 ± 6 Rydin et al. (2011)
3.0 ± 2.9 95 ± 8 Monbet et al. (2007)
17.66 ± 2.08 89.5 ± 4.57 This study
14.87 ± 1.70 ca. 100
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promoted the conversion of Fe\\P to Ex-P and DIP (Zilius et al., 2015).
For Ca\\P andDe-P, their spatial distributionswere not significant in
August. Generally, scallop farming activities can increase the CaCO3 con-
tent in the sediments (Fig. S3 g and h), whichmay lead to an increase in
Ca\\P content (Zhang et al., 2013a). However, the Ca\\P in this study
was mainly controlled by the DIP concentration in the pore waters,
which was supported by the significant positive correlation between
pore-water DIP and Ca\\P in August (Table. S4). In addition, part of
DIP derived from OP and Fe\\P may also precipitate into Ca\\P (Meng
et al., 2015), which could be another source for the increase of Ca\\P.
For De-P; the most abundant De-P was found in the western zone of
the study area in August, which was probably related to the terrestrial
inputs (Ruttenberg and Berner, 1993).
In November, the investigation area was significantly affected by
strong winds and coastal currents; thus, strong resuspension process
of surface sediment appeared in November (Yang et al., 2018). There-
fore, sedimentary clay fraction in November was obviously lower than
that in August, which reduced the storage of some P, e.g. Ex-P and OP
(Table S2). Moreover, strong hydrodynamic conditions promoted the
re‑oxygenation process in the bottom water, thereby accelerating the
decomposition of OP and the generation of Fe\\P (Table S2). Spatially,
the OC, Ex-P, Fe\\P, Ca\\P, De-P and OP in the SFAwere slightly higher
than those in the NSFA by 6.0, 10.0, 8.6, 6.7, 9.9 and 11.8%, respectively
(Fig. 2). This is because scallop farming activities can reduce hydrody-
namic conditions in the SFA, thereby beneficial to the preservation of
sedimentary P.
To further assess the impact of scallop farming on the P dynamics,
we roughly estimated the contribution of bio-deposited P (mainly OP)
to sedimentary P. According to the research of Niu (2014), the daily pro-
duction of biodeposits by the scallops in summer and autumn were
about 1.80 and 1.52 μmol ind−1, respectively. Generally, the annual out-
put of scallops is ~5 × 109 ind (Yang et al., 2020a). Thus, the rate ofFig. 5. Sedimentary P budget in the study area. The results were obtained based on sediment
stations Y-2, Y-4, Y-6, H-2, H-4 and H-6. In the figure, the unit of biodeposition P rate and ben
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biodepositedPexcretedbyscallopswas~1.20and~1.01μmolcm−2yr−1,
respectively in August andNovember. Based on this calculation, the bio-
deposited P rate by the scallops in the surveyed area accounted for
44.3% and 50.3% of the OP burial fluxes (2.64 and 2.01 μmol cm−2 yr−1
according to the formula of F = c × ω in Section 4.4), respectively. This
further proves scallop biodeposition may be one of the main sources of
OP in the surveyed area.
4.4. Sedimentary P burial and budget
The P removed from the water is mainly buried in the sediment. P
burial fluxes (F, μmol cm−2 yr−1) were calculated using the following
formula, F= c ×ω, where c (μmol g−1) is themean sedimentary P con-
tent, ω is the accumulation rate of sediment in g cm−2 a−1 (Ingall and
Jahnke, 1994). In this study, the F of the TP (PTotal) ranged from 11.67
to 20.78 μmol cm−2 yr−1 with the mean values of 17.66 ±
2.08 μmol cm−2 yr−1 in August and14.87±1.70 μmol cm−2 yr−1 inNo-
vember, whichwere significantly higher than those found inmostmar-
ginal seas listed in Table 2, but comparable to those previously reported
in the East China Sea (Hou et al., 2009; Yang et al., 2017) and the Iberian
Margin (van der Zee et al., 2002).
The P burial efficiency (PBE), which was determined based on the
formula of PBE = F / (F + benthic DIP flux) × 100%, has been widely
used to evaluate the burial capacity of P in sediments (van der Zee
et al., 2002). In this study, the benthic DIP fluxes were 2.17 ±
1.17 μmol cm−2 yr−1 in August and −1.53 ± 0.47 μmol cm−2 yr−1 in
November as shown in Section 3.4. Therefore, the PBE was 89.5 ±
4.6% in August and 100% in November, which was in good agreement
with the previous studies listed in Table 2.
In addition, a simple benthic P budget model was established based
on the results before and after the incubation experiment (Fig. 5). The P
budget results indicate that Ex-P, OP and Fe\\P were the main forms of
reactive P preserved in the sediment. Compared with oxygen-richinvestigations combined with the laboratory incubation experiment on the samples from
thic DIP flux is μmol cm−2 yr−1; the unit of sedimentary P forms is μmol g−1.
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tary Fe\\P, while inhibited the decomposition of OP to a certain extent.
Scallop farming activities increased the input of OP in sediments, in turn
affecting the sedimentary P cycle.5. Conclusions
Exploring the biogeochemical cycle of sedimentary P in the coastal
waters is an important step toward understanding the regionalmaterial
cycling and environmental evolution and protection. This study re-
vealed the characteristics of sedimentary P cycle and its underlying
mechanisms in a coastalwater ecosystemwith scallop farming activities
and seasonal hypoxia. The average percentages of P fractions in TPwere
in the order of De-P > Ca-P > OP > Fe-P > Ex-P in August and De-
P > Ca-P > Fe-P > OP > Ex-P in November. The contents of Ex-P,
Ca\\P, De-P and OP were generally higher in August than these in No-
vember. Themean contents of Bio-Pwere 6.39 and 5.65 μmol g−1 in Au-
gust and November, respectively, which accounted correspondingly for
31.9% and 32.9% of TP.
Summer hypoxia, scallop farming activities and hydrodynamic con-
ditionswere themain factors affecting the sedimentary P cycle. The lab-
oratory incubations combined with situ field investigations results
indicate that, in summer, hypoxia significantly facilitated P mobility
and release via the mineralization of OM and dissolution of Fe-P; as a
rough estimate, ~39% of the Bio-P could be recycled back into the
water column. In contrast, the overlying water in autumn returned to
oxygen-rich conditions with decreasing temperature and disappearing
stratification, and thus greatly promoted the formation of Fe\\P via
co-precipitation of phosphate with Fe/Mn oxides. Thus, ~1.76 μmol g−1
of DIP might be absorbed in sediment in November, corresponding to
the ~31% of the sediment stored Bio\\P. Furthermore, scallop farming
activities also affected the P mobility through biological deposition
and reduced hydrodynamic conditions. This study highlighted the sig-
nificant effects of hypoxia and anthropogenic activities (mariculture ac-
tivities) on the sedimentary P cycle in coastal waters.CRediT authorship contribution statement
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